Electronic structure of amorphous niobium oxide prepared by a sputtering method was investigated based on optical absorption and photoelectron spectroscopies. In the valence band photoelectron spectra, broad peaks without any characteristic components were observed. Then, theoretical calculations based on a density functional theory were performed to interpret the experimental spectra by using three Nb 2 O 5 polymorphs. Among the polymorphs, M-phase with tetragonal structure showed better reproducibility than the other B-and R-phases with monoclinic structure. It was finally concluded that the amorphous niobium oxide had a similar electronic structure to M-Nb 2 O 5 , and it was supposed that the broad feature in the photoelectron spectra was due to the broad distribution of NbO bonds in NbO 6 polyhedra, which was characteristic in M-Nb 2 O 5 .
Niobium pentoxide is known as wide-gap semiconductor 1) and dielectric, 2)4) which is expected for the application such as catalyst, 5),6) sensor, 7) , 8) etc. In particular, it is widely used as a capacitor 9),10) in general products. Among rare metal elements, niobium is comparatively abundant, and hence materials derived from niobium compounds are supposed to be advantageous in regards to cost. 11) In the authors' research group, a photoelectrochemical cell (PEC) with NbO x /Al/glass«KNO 3 aq.«Al/ glass has been developed, 12) where small but stable power generation was observed. Niobium oxide, NbO x was deposited by an RF-magnetron sputtering method, and larger output was obtained when the NbO x deposits were not in film, but in a nano-island structure. Analysis on the electronic states of the NbO x deposits are indispensable to clarify the photovoltaic conversion mechanism and improve power generation. However, the deposits are amorphous so that it is quite difficult to clarify the electronic structure.
Then, in the present study, information of electronic structure was obtained by X-ray and ultraviolet photoelectron spectroscopies (XPS and UPS) and optical absorption. The experimental spectra were interpreted by using theoretical calculations based on density functional theory (DFT), 13),14) where crystalline Nb 2 O 5 were used for the DFT calculations. A DFT calculation of B-phase Nb 2 O 5 was published. 15) However, Nb 2 O 5 has various polymorphs with different structures, and hence a large variety in the electronic structure is expected in the polymorphs. DFT calculations for various polymorphs, instead of those for amorphous structure with major difficulties, should give valuable information for the similarity and variation of local structures in the amorphous solid. Consequently, three Nb 2 O 5 crystals with typical structures were chosen to investigate the electronic structure of Nb 2 O 5 polymorphs. By comparing the experimental and simulated spectra, structure of amorphous NbO x deposit was discussed.
NbO x film was prepared by an RF magnetron sputtering method. The detailed preparing condition was given in Ref. 12 . Optical absorption spectra have been measured for the films deposited on a quartz glass substrate with different sputtering time. XPS and UPS spectra were also measured to estimate the valence band structure of the amorphous NbO x film, where the NbO x film was deposited on an ITO-coated glass substrate. XPS and UPS spectra were measured by irradiating Al-K¡ (1486.6 eV) and He I (21.22 eV) lines, respectively. In XPS, binding energy was corrected by using a C 1s peak (284.6 eV) and Au 4f 7/2 (84.0 eV).
DFT calculations were performed by using the WIEN2k code 16) to interpret the experimental spectra. Nb 2 O 5 polymorphs of B-, 17),18) R-, 19) , 20) and M-phases 21) were selected for the DFT calculation. For the exchangecorrelation functional, the generalized gradient approximation with the Perdew-Burke-Ernzerhof (PBE) 22) was used. The KohnSham equations were solved with the linearized augmented plane wave (LAPW) method. 23) Brilloin-zone integration was performed on a Monkhorst-Pack 8 © 7 © 8 (B-, R-Nb 2 O 5 ) and 4 © 4 © 4 (M-Nb 2 O 5 ). The convergence is controlled by a cut-off parameter R mt K max = 7.00, where R mt and K max are the smallest atomic sphere radius in the unit cell and the magnitude of the largest k vector, respectively, and the total energy converged less than 0.10 mRy. Fermi-level determination and k-space integration was done by the modified tetrahedron method.
XPS and UPS spectra were estimated by multiplying projected DOS (PDOS) by photoionization cross-section of atomic orbitals. 24) Optical absorption depends on the imaginary part of dielectric tensor, and hence experimental absorption spectrum was compared with the imaginary part of dielectric tensor. 
Dielectric function is a complex function, ¾(½)
where e is the electron charge, ³ 0 is the volume of the primitive cell, q denotes the Bloch vector of the incident wave. w k are the k-point weights defined such that they sum to 1, and the v and c subindices denote valence and conduction band states, respectively. ¾ ck and ¾ vk are the KohnSham eigenvalues, ½ is the frequency, u ck and u vk are the wave functions, and ê ¡ and ê ¢ are the unit vector for the three Cartesian directions. Figure 5 shows XPS and UPS spectra. The experimental spectra are broad, and any characteristic components are not recognized. In the spectra calculated from PDOSs, contribution of Nb d orbital is larger than that of O p orbital in XPS and smaller in UPS, which is due to the much larger photoionization cross-section of Nb 4d than O 2p for Al-K¡ irradiation.
24) Mphase shows gentle edges at both maximum and minimum of valence band in XPS and UPS, which is similar to the experimental spectra of amorphous NbO x . Figure 6 shows imaginary part of the dielectric function, ¾ 2 obtained from DFT calculations. B-and R-phases are monoclinic (¾ xx º ¾ yy º ¾ zz ), and M-phase is tetragonal (¾ xx = ¾ yy º ¾ zz ).
For B-and R-phases of Nb 2 O 5 , two major components are confirmed at ³5 and ³9 eV, where both components are assigned to the transition from O 2p to Nb 4d orbitals. In M-phase, ¾ xx and ¾ zz are different, and a stronger peak is observed at ³3.5 eV in ¾ zz . In TDOS (Fig. 3) , M-phase has smaller band gap, and in ¾ 2 , the gap (apparent optical band gap) is wider than that of TDOS. As is also indicated from band diagram (Fig. 2) , Nb 2 O 5 polymorphs are indirect electron transition semiconductors. In the experimental spectra, a small peak is found at ³2 eV, which is not an interference peak because the peak position is the same in the films with different thicknesses. In M-phase, small pre-edge peak [arrow in Fig. 6(c) ] is confirmed at ³2.5 eV, and the 2 eV small peak in the experimental spectra may [arrow in Fig. 6(d) ] be originated in the pre-edge peak in M-Nb 2 O 5 . This is just a speculation, and further detailed analyses are needed to the actual interpretation.
In this study, electronic structure of amorphous NbO x film prepared by RF-magnetron sputtering method was investigated. The experimental photoelectron spectra of a-NbO x were broad, and no characteristic components were confirmed. DFT calculations of some Nb 2 O 5 polymorphs were performed to interpret the photoelectron and optical absorption spectra. Among the phases investigated, M-Nb 2 O 5 showed better reproducibility of the experimental spectra, suggesting that a-NbO x had a similar electronic and also local structure to M-Nb 2 O 5 , which was originated from the broad distribution of NbO bond length in NbO 6 polyhedra characteristic in M-Nb 2 O 5 . However, other polymorphs not investigated in this study are present in Nb 2 O 5 , and also the electronic-structure estimation for a-NbO x itself is not yet accomplished. Since the valence state of Nb in a-NbO x is still obscure at present, further experiments and investigation are indispensable to elucidate the electronic structure of a-NbO x and to clarify the photovoltaic conversion mechanism of a-NbO xbased PEC. Structural modeling of a-NbO x based on high precision structural analyses and succeeding quantum chemistry calculations for them will establish a valid methodology for this purpose in the near future. 
